Objective: To assess the role of CHCHD2 variants in patients with Parkinson disease (PD) and
Mitochondrial dysfunction has been implicated in both early-onset genetic forms of PD (via the PINK1 and PARKIN mediated mitophagy pathway) and late-onset sporadic disease. 6, 7 Interestingly, it was also reported that specific variants in the CHCHD2 gene may affect susceptibility to sporadic PD. 3 The role of variation in the CHCHD2 gene in Caucasian patients with PD and in pathologically confirmed Lewy body disease (LBD) is unclear. The aim of this study was to evaluate the association of CHCHD2 variants with risk of clinically diagnosed PD and pathologically diagnosed LBD. METHODS Participants. A total of 3,669 participants, including 1,627 patients with clinical PD, 610 patients with pathologically confirmed LBD, and 1,432 controls, were included in this study (see details in table 1), and collected between the years 1998 and 2014. The clinical and pathologic diagnoses were established according to the consensus criteria for PD 8 and LBD. 9, 10 Controls were individuals free of PD or a related movement disorder at the time of examination. All participants were non-Hispanic Caucasian and were unrelated within and between disease groups. There was no overlap between the PD and LBD groups. Information was collected regarding age (age at onset in patients with PD, age at death in the patients with LBD from the US series, age at blood sample collection in controls) and sex. Family history of PD in first or second degree was also collected for patients with PD and controls.
Standard protocol approvals, registrations, and patient consents. Written informed consent was obtained from all participants and the study was approved by all institutional review boards from the participating centers. Informed consent for pathologically confirmed cases was obtained from the next of kin.
Genetic analysis. For direct sequence analysis, each exon was amplified by polymerase chain reaction using published primers for CHCHD2. 3 DNA was extracted from frozen brain tissue and whole blood samples using standard protocols. Genomic sequences were analyzed with SeqScape version 2.5 using 3730XL DNA Analyzer (ABI; Applied Biosystems, Foster City, CA). RefSeq accession NM_016139.2 was used to number all variants within the CHCHD2 gene and protein. In the discovery stage, we sequenced all 4 exons of CHCHD2 in a US series including PD, LBD, and controls. We found 9 exonic variants located in exons 1 and 2 and none in exons 3 and 4. In the second stage, we sequenced exons 1 and 2 in the Irish and Polish series. The 3 variants in intron 3 and the 6 variants in the 39UTR were not assessed in the Irish or Polish series. There was no evidence of a departure from Hardy-Weinberg equilibrium in controls in any of the series (all p . 0.01).
Statistical analysis. For common variants (defined as those
with a minor allele frequency [MAF] of 1% or greater), associations with disease were evaluated using logistic regression models. Associations were examined for the separate disease outcomes of PD, LBD, and PD or LBD. Models in the US series and Polish series were adjusted for age (age at PD onset in patients with PD, age at death in patients with LBD, age at blood collection in controls) and sex, models in the Irish series were adjusted for sex (age was not adjusted for due to missing data), and models in the combined series were adjusted for sex and series (age was not adjusted for due to missing data in the Irish series). Each variant was examined under an additive model (i.e., effect of each additional minor allele). Odds ratios and 95% confidence intervals were estimated.
For rare variants (defined as those with a MAF of less than 1%), we did not perform any single-variant analysis owing to the low power such analysis would have. Instead, separately in each series and in the combined series, we performed gene burden tests by collapsing across rare variants and comparing the frequency of the presence of any rare variant in controls to that of PD, LBD, and the combined PD and LBD patient groups using Fisher exact test. 11 Since variants in intron 3 and 39UTR were not assessed in the Irish and Polish series, we did not examine the presence of rare variants in the combined series (US, Irish, and Polish). However, we did examine the presence of rare exonic variants found in exons 1 and 2 in the combined series. p Values of 0.05 or lower were considered statistically significant. Statistical analysis was performed using R Statistical Software (version 2.14.0; R Foundation for Statistical Computing, Vienna, Austria).
In silico analyses. For prediction of the functional consequences of coding variants on CHCHD2 protein sequence, we used software programs available on the Internet: PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), 12 SIFT (http://sift.jcvi. org/), 13 and Mutation Taster (http://www.mutationtaster.org/). 14 The results are shown in table e-1 on the Neurology ® Web site at Neurology.org. Splice site prediction of exonic variants identified in the CHCHD2 gene was calculated by using the online bioinformatics tool Human Splicing Finder (version 2.4.1; http://www.umd.be/HSF/HSF.html). 15 Neuropathologic analysis. All 610 cases in the LBD series underwent a standardized neuropathologic assessment for Alzheimer-type and Lewy-related pathologies by a single pathologist (D.W.D.) as reported previously. 16 Braak neurofibrillary tangle stage 17 based upon thioflavin S fluorescent microscopy. 19 Immunohistochemistry for a-synuclein (non-Ab component precursor; 1:3,000; Mayo Clinic, Jacksonville, FL) 20 was used to establish neuropathologic diagnosis of LBD, 10,21 with deparaffinized and rehydrated sections pretreated with 95% formic acid for 30 minutes and then steamed in distilled water for 30 minutes. Lewy-related pathology was assessed in cortex, amygdala, basal forebrain, and brainstem and classified as brainstem, transitional, or diffuse Lewy body disease. 9 Five brain samples with CHCHD2 variants (p.P2L, p.G4R, p.A37V, and p.A93V) were available for further analysis. We performed immunohistochemistry with polyclonal CHCHD2 antibody (1:800; Proteintech, Chicago, IL) on temporal lobe and midbrain sections. The deparaffinized and rehydrated sections were steamed in pH6 citrate buffer for 30 minutes. We also performed immunofluorescence double staining with polyclonal CHCHD2 antibody (1:400, Proteintech) and monoclonal Tom20 antibody (1:500, Santa Cruz Biotechnology, Dallas, TX) on hippocampal sections from participants with CHCHD2 variants (n 5 5) as well as LBD cases without CHCHD2 variants (n 5 3) and control brains (n 5 2).
RESULTS
We identified a total of 23 variants in our US series (PD, LBD, and controls; total 2,205 samples), Irish series (PD and controls; total 720 samples), and Polish series (PD and controls; total 744 samples); 4 are common variants and 19 are rare variants of which MAF is less than 1%. Nine were exonic variants within exons 1 and 2 (table 2 and figure 1). Of the 4 common variants (rs816406, rs816407, rs10043, rs8406), 3 of them (rs816407, rs10043, rs8406) were in strong linkage disequilibrium (r 2 . 0.96). The frequency of each CHCHD2 variant is displayed in table 2 for the US series, Irish series, Polish series, and combined series, while associations with disease for common variants and gene burden tests for rare variants are shown in table e-2. None of the 4 common CHCHD2 variants were associated with disease in any of the series (all p $ 0.15). Rare exonic CHCHD2 variants were more common in the combined group of patients with PD and LBD compared to controls (0.6% vs 0.1%, p 5 0.013, table e-2). This finding was driven mostly by the US series, where although not significant, rare exonic variants were more common compared to controls for both patients with PD (0.7% vs 0.1%, p 5 0.14, table e-2) and patients with LBD (1.0% vs 0.1%, p 5 0.053, table e-2). In the US series, rare exonic variants were found in 6 patients with PD and 6 patients with LBD. Only one healthy control with a rare variant (p.P2L) was found and the age at examination was 55 years. No rare exonic variants were observed in the Irish series in either patients with PD or controls, and in the Polish series rare exonic variants were observed in only one patient with PD (0.3%) and no controls. Rare exonic variants were also more common in the combined group of patients with PD (not including the US series patients with LBD) compared to controls (0.4% vs 0.1%, p 5 0.074, table e-2). Within the US series, the presence of any rare variant was more common for patients with LBD, although this was only borderline significant (2.5% vs 1.0%, p 5 0.050, table e-2).
Characteristics of the variants found in this study are summarized in ) and in silico analyses. We identified 9 rare exonic variants with unknown significance (p.P2L, p.G4R, p.P14S, p.A16A, p.V31V, p.P34L, p.A37V, p.A49V, and p.A93V; figure 1) in patients with PD or LBD in this study. Eight of these (p.P2L, p.G4R, p.P14S, p.A16A, p.V31V, p.P34L, p.A37V, and p.A49V) were located in the MTS of CHCHD2 (figure 1). Seven variants (p.P2L, p.G4R, p.P14S, p.A16A, p.V31V, p.A49V, and p.A93V) were predicted as damaging by at least one of the prediction tools. Two variants (p.A37V and p.A93V) were extremely rare even in large public databases. We found 2 synonymous variants (p.A16A; c.48C.T and p.V31V; c.93C.T) not seen in our control series and the MAF in the public databases are exceedingly low. They were predicted as disease-causing by Mutation Taster due to splicing site changes; however, Human Splicing Finder found no potential new sites for p.A16A and p.V31V variants. Human Splicing Finder did, however, predict one new enhancer motif at c.44 in p.A16A and 2 sites broken (at c.88 and c.89) and one new enhancer motif (at c.93) in p.V31V.
The clinical information of patients with rare exonic variants is shown in table 3. Seven patients had clinically diagnosed PD and 6 pathologically diagnosed LBD. Mean age at onset was 72.8 6 6.8 years (range 60-90), mean age at death was 85.1 6 7.6 years (range 73-94), and disease duration was 8.0 6 5.5 years (range 2-16). Two patients (p.A49V and p.P14S) have a family history of PD or dementia, but DNA from their affected relatives was not available. Parkinsonism was the most common feature (12/13) among carriers although one individual with p.A37V was reported to have presented with cognitive impairment without significant parkinsonism. Dementia and hallucinations were frequently observed (7/13), as were depression (8/13) and orthostatic hypotension (7/13) in CHCHD2 variant carriers.
Neuropathologic data are available for 6 LBD cases with exonic variants and is presented in table 3. Five patients were classified as diffuse type of Lewy body pathology and one as a transitional type. 9, 22 To assess the expression of CHCHD2 at protein level, we performed immunohistochemistry for CHCHD2 in patients with LBD with exonic variants (p.P2L, p.G4R, p.A37V, and p.A93V; table 3 ). The granular staining pattern of CHCHD2 was observed in neuronal and glial cells in the substantia nigra and temporal cortex ( figure 2C ). Almost all Lewy bodies and pale bodies were negative for CHCHD2 ( figure 2D) . However, only a few pale bodies (p.G4R) and the surroundings of Lewy bodies (p.A93V) were slightly stained in a granular pattern (figure 2, E and F). Immunofluorescence staining suggested the expression level of CHCHD2 was decreased in patients with LBD with variants compared to age-matched controls (n 5 2) and patients with LBD without variants (n 5 3; figure 2, G-R). Interestingly, the case with the CHCHD2 p.A93V substitution, which lies outside the MTS region, showed normal protein expression in a subset of neurons ( figure 2O) . DISCUSSION In our Caucasian multicenter analysis, we did not find any definite pathogenic CHCHD2 mutations that cosegregated with disease in multiincident pedigrees such as p.T61I, which was found in 2 large Japanese pedigrees with PD. 3 The association observed in the Japanese population with the common variants, rs10043 and rs8406 (both single nucleotide polymorphisms are in high linkage disequilibrium), was not replicated in the Caucasian series; this could in part be due to ethnic-specific allele frequencies. Interestingly, the MAF of rs10043 and rs8406 was much lower in the Japanese population (;4%) compared to that observed in our Caucasian series (;23%). This may suggest a different haplotype structure and the potential for Japanese (Asian)-specific variant causing the reported association. One rare variant reported to influence susceptibility in PD in the Japanese study, p.P2L (rs142444896), was also rare in the Caucasian series but was not significant when compared to controls (1 PD, 2 LBD vs 1 control). 3 We found a total of 9 rare exonic variants of unknown significance. Given the lack of multiincident families or additional carriers, functional studies are needed to elucidate the nature of each variant. In the combined series, our gene burden test found an association between PD-LBD series and the number of rare exonic CHCHD2 variants within exons 1 and 2 (p 5 0.013). In addition, we identified an association between LBD and any rare variant (p 5 0.050). The exonic variants (p.P2L, p.G4R, p.P14S, p.A16A p.V31V, p.P34L. p.A37V, and p.A49V) are located in the MTS domain ( figure 1) . The MTS is critical for the CHCHD2 protein to be localized in mitochondrial intermembrane space. 3 Those variants in the MTS might have an alternate pathomechanism compared to other exonic variants (e.g., p.A93V); notably, the reported pathogenic mutations found in the original Japanese study are located outside of the MTS domain (p.T61I, c.30015G.A and p.R145Q; figure 1 ). 3 The clinical data available for carriers suggests the age at onset is variable and most present with sporadic PD (table 3 ).
In the original autosomal dominant pedigrees with pathogenic mutations, the mean age at onset was relatively late (56.2 6 8.1 years). 3 Given the sporadic nature of the disease, the rare variants we observed (p.P2L, p.G4R, p.P14S, p.A16A, p.V31V, p.P34L, p.A37V, p.A49V, and p.A93V) in this study might have lower penetrance than the pathogenic mutations found in Japan (p.T61I, c.30015G.A and p.R145Q). 3 Proteins similar to CHCHD2 with a twin Cx 9 C motif are involved in the production of energy by oxidative phosphorylation (OxPhos). 23 In fact, CHCHD2 was first recognized as one of the regulators of OxPhos in a computational screen. 24 Knockdown of CHCHD2 decreases the mitochondrial membrane potential and increases the generation of reactive oxygen species. 25 These data suggest that CHCHD2 is an important mitochondrial regulator that can influence the energy levels of cells. Considering that impaired mitochondrial biogenesis and quality control may contribute to PD, 26 further studies will be necessary to assess the role of CHCHD2 for mitochondrial homeostasis. It will be interesting to see if CHCHD2 plays a role in the PINK1/Parkindependent mitochondrial quality control pathway. Recently, a mutation in the CHCHD10 gene that encodes the mitochondrial CHCHD10 protein (OMIM 615903) was identified as the cause of late-onset familial amyotrophic lateral sclerosis with frontotemporal dementia in a large French pedigree 27 ; one of the affected patients also shows signs of parkinsonism. CHCHD10 is a close paralog of CHCHD2 and the genetic and protein structures of both are similar. Further studies examining the role of genetic variation in both genes across neurodegenerative disorders are warranted. 4, 28, 29 Although the results of this study suggest that rare CHCHD2 variants may be associated with risk of PD and LBD, it should also be noted that different Table 3 Continued cDNA change genetic associations may be observed for alternate Lewy body disorders, e.g., PD and dementia with Lewy bodies both associate with the SNCA locus although the association signals appear independent. 30 Indeed, there are a number of caveats to the present study, e.g., the low power to detect the association of rare CHCHD2 variants with risk of PD or LBD. Even when collapsing across rare variants and utilizing gene burden tests, the frequencies of the resulting collapsed rare variant variables were low, and therefore the possibility of type II error (i.e., a false-negative association) is important to consider. We also only have a limited number of pathologic cases with CHCHD2 variants so our staining studies can only be considered exploratory and larger samples sizes are required to replicate both our genetic and pathologic findings. With that in mind, the field of genetics and particularly late-onset neurodegenerative disease is moving toward the discovery of rare variants with incomplete penetrance. Large consortia or metaanalytical approaches will be needed to better understand the role of rare CHCHD2 variants in these diseases. Functional studies elucidating the cellular pathways altered by mutant CHCHD2 will be warranted to clarify the role of this protein in disease.
